Background: Access to referral healthcare facilities from primary healthcare (PHC) clinics for diagnostic services is critical for improving maternal health outcomes. We described the geographical distribution and accessibility to district hospitals/medical laboratories for comprehensive antenatal point-of-care (POC) diagnostic services in the Upper East region (UER), Ghana. Methods: We assembled detailed spatial data on 100 participated PHC clinics in our previous survey, their nearest referral district hospitals/medical laboratories, and landscape features influencing journeys in the UER. These were used in a geospatial model to estimate actual distance and travel time from a PHC facility to the nearest referral health facility for antenatal POC diagnostic services. Spatial distribution of the facilities was determined using spatial auto-correlation tool run in ArcMap 10.4.1. We employed Stata V14 for all other analysis. Findings: Of the 100 PHC clinics included in the analysis, only 15% were located less than 10 km to their nearest referral health facilities. The mean distance ± standard deviation from a PHC clinic to the nearest referral district hospital/medical laboratory for comprehensive antenatal POC diagnostic services was 7.0 km ± 4.9. Whilst the mean travel time using a motorized tricycle speed of 20 km/h to the nearest referral health facility for comprehensive antenatal POC diagnostic was 14.0 min ± 8.8. The spatial auto-correlation results for the PHC clinics suggested that the PHC clinics were spatially distributed at random rather than clustered (MI = 0.01, z-score = 0.33, p = 0.74). Whereas the spatial distribution of the referral health facilities suggested that the hospitals or medical laboratories were spatially dispersed (MI = −0.69 z-score = −2.05, p = 0.04). Interpretation: Although there is moderate geographical accessibility to district hospitals/medical laboratories for comprehensive antenatal diagnostic services in the UER, targeted improvement of POC diagnostic services in PHC clinics is recommended for improved maternal healthcare.
Introduction
It is estimated that over 285,000 women still die annually due to pregnancy in Low-and Middle-Income countries (LMICs), the highest number globally [1] . Antenatal care (ANC) is one vital component in the package of services aimed at advancing maternal and newborn health [2] . ANC services include promotion of health, health education, screening, diagnosis, disease prevention, and management [3] . ANC, skilled delivery as well as emergency obstetric care are essential services not only to facilitate positive pregnancy experience, but also to decrease maternal mortality [3, 4] . Access to diagnostic services as part of ANC enables screening and testing at the point-of-care (POC) for both preventive and clinical decisions [5, 6] . Nonetheless, access to diagnostic services may be a challenge for expectant mothers in most rural and resource-limited settings. The results of a survey prior to this study, demonstrated poor availability (less than 5 tests) of pregnancy-related POC diagnostic tests for maternal healthcare in Upper East Region's (UER) primary healthcare (PHC) clinics in Ghana [7] mostly due to poor supply chain management [8] . Disparities in the quality of ANC exist between pregnant women seeking ANC in rural health facilities and in urban health facilities, owing to lack of laboratory facilities in 
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EClinicalMedicine j o u r n a l h o m e p a g e : h t t p s : / / w w w . j o u r n a l s . e l s e v i e r . c o m / e c l i n i c a l m e d i c i n e most lower level health facilities [9] . It is estimated that 49% of Ghanaian mothers receiving ANC services from lower level health facilities in rural communities are more likely to receive poor quality care compared to 29% receiving care from higher level facilities in the urban areas [9] . It is also reported that Ghana's maternal mortality rate remains much higher than global averages [10] . Major causes of negative pregnancy outcomes in Ghana are: Hypertensive diseases of pregnancy, anemia, malaria, sickling, HIV/AIDS and syphilis, which are preventable, if diagnosed and managed/treated early [11, 12] . Poor geographical accessibility to referral healthcare facilities such as district hospitals/medical laboratories from a PHC clinic may contribute to pregnant women failing to get required tests done. Many definitions of accessibility and the dimensions of measurement exist in the literature [13, 14] . In this study, accessibility refers to the distance to the nearest referral health facility for a comprehensive ANC POC diagnostic service from a PHC clinic. Travel time in this study is defined as the approximated period a referred pregnant woman is likely to spend in traveling from a PHC clinic to the entrance of a referral health facility for ANC POC diagnostic services. Geographical accessibility to healthcare facilities can potentially present a barrier to utilization of ANC diagnostic services [15, 16, 17] . People such as pregnant women may have a tendency to either limit or utilize essential healthcare services such as ANC closer to them [18] . It is a policy for expectant mothers in Ghana to be screened and tested for the following: hemoglobin, HIV, sickling, Glucose-6-phosphate dehydrogenase, syphilis, blood type (Rhesus factor), screening for malaria, sexually transmitted infections, blood pressure, urine and stool for routine examinations, as well as ultrasound scans, depending on the stage of the pregnancy at the first ANC visit [19] .
The United Nations Development Program identified geographical access by mothers, families and communities to health facilities as one of the key barriers to critical health services [20] . Geographic location of a referral health facility (district hospital/medical laboratory) can have an effect on accessibility to health services [21] . Geographical access is particularly vital where health service provision is sparse, with weak transportation systems, and where the population is predominantly rural [21] . To the best of our knowledge, no study has assessed the geographical accessibility to ANC diagnostic services in Ghana. This study therefore aimed to describe the geographical distribution and accessibility to the nearest district hospital/medical laboratory for comprehensive ANC POC diagnostic services from a PHC clinic in the UER, Ghana. We anticipate that the results of this study will inform policy decisions of the Government of Ghana to improve access to POC diagnostic services in rural PHC clinics in line with the World Health Organization (WHO) recommendations [22] .
Methods

Data Sources
We developed models and algorithms for measuring geographical accessibility of POC diagnostic services from rural clinics to referral health facilities. This current study is a follow-up to a prior crosssectional survey of 100 randomly selected PHC clinics in the UER which assessed the accessibility to pregnancy-related POC diagnostic tests in UER's PHC clinics, Ghana [7] . The sampling strategy used for the selection of the participated PHC clinics in this study its rationale is described and in published elsewhere [7] . We collected data on the nearest referral facilities, transportation options, duration of obtaining test results from expectant mothers, and electronic options for communicating test results using a survey tool (Supplementary file 2). We also obtained the geo-located data on PHC clinics and their referral facilities for comprehensive ANC POC diagnostic services from the Upper East Regional Health Directorate. Thereafter, we applied the world geodetic system (WGS) Zone 30 degrees' North coordinate system to all spatial data to allow for results of spatial processes in a preferred unit of meters. Landscape or topographic data included roads, rivers and a digital elevation model (DEM) of the rivers and high points/elevation. We then calibrated high points in the districts as barriers. Based on information gathered on the most commonly used public transport option from PHC clinics to the referral facilities in the region, we estimated travel time via road, paths and tracks using a motorized tricycle popularly known as "Motor king" or "Mahama can do". The estimation involved recalibrating travel time per pixel (10 m by 10 m grid) for both roads and paths. This ultimately helped to estimate travel distance and time from rural clinics to referral facilities for all the districts in the region.
Geo-database of Referral Health Facilities
Geo-located data on referral facilities, which also included attribute data on the type of diagnostic tests offered at the referral facility, were extracted from the survey prior to this study [7] . We geo-referenced all data that lacked a coordinate system and loaded it in Google Earth T1:1
Research in context
Evidence before This Study
The Ghanaian government has prioritized maternal healthcare in her quest to reduce maternal mortality to less than 70 per 100,000 live births stipulated by the United Nations Sustainable Development Goal (SDG) 3.1. Antenatal care (ANC) is one of the key safe motherhood strategies targeted to help achieve this goal. ANC provides an opportunity for expectant mothers to be screened, diagnosed and linked to care or prevention. In 2012, a study was conducted to assess the geographical access to care at the time of birth in Ghana, but it did not include ANC. A survey of PHC clinics in the UER conducted prior to this current study, demonstrated poor availability of pregnancy-related POC tests for maternal healthcare in PHC clinics. Our search strategy (Supplementary file 1) prior to the conduct of this research also yielded zero result hence, informing this current study.
Added Value of This Study
This study showed evidence of moderate geographical accessibility to referral health facilities from PHC clinics for comprehensive ANC diagnostic services in the UER. It also revealed the spatial distribution of the PHC clinics, and the referral health facilities. This study further demonstrated the proximity and travel time from PHC clinics to referral health facilities. We have additionally provided evidence to facilitate targeted implementation of POC diagnostic services in Ghana's PHC clinics. Moreover, we have provided baseline information for future studies aiming to assess geographical accessibility of ANC diagnostic services in Ghana. Finally, this study adds to the body knowledge on ANC.
Implications of All the Available Evidence
Mothers with infections such as Human Immuno-deficiency Virus (HIV), hepatitis B, syphilis, and other medical conditions potentially detrimental to the health of both mother and unborn baby, may go unnoticed/untreated/overlooked. Expectant mothers in the UER may have to walk for hours or pay exorbitant transport fares to reach a referral health facility for diagnostic services. This may lead to a reduction in the number of pregnant women who access quality ANC. Additionally, expectant mothers with conditions such as hypertension disorders of pregnancy and low hemoglobin levels may be detected late, and this could potentially result in adverse pregnancy outcomes to determine their positions. This enabled us to identify PHC clinics that fell outside the boundary of their districts and the region. The data was reconciled and imported to ArcGIS 10.4 in the point shape file format.
Landscape/Topographical Data
We captured data on digitized and geo-referenced road networks and paths as well as features such as rivers and lakes. We obtained the DEM of the region, which assisted in identifying natural barriers such as hills and valleys as well as undulating land that would inform the decision on estimating travel distance and time. All the above data was obtained from Adu Manu Kwame (AMK) Consultancy. We juxtaposed these data with the data obtained from the University of Ghana Remote Sensing and Geographic Information Systems laboratory to validate accuracy. Following this, we reclassified DEM into highlands (more than 200 m high) and flatlands (between 119 m and 200 m high). This was determined by the DEM data which showed that the highest point in the region was about 470 m, while the lowest point was identified as 119 m. 
Developing a Model for Estimating Cost Distance and Travel Time
A model for estimating cost was accomplished using a sequence of algorithms with the final output resulting from the cost distance tool in ArcGIS 10.4. Cost distance calculates the shortest time to a source based on a cost dataset. To realize this, we designed a cost surface algorithm with the following parameters: a grid cell with the size of 10 m was assigned to the spatial features and values were then assigned to the predetermined grids. We assigned roads low values because traveling on roads is faster than travel via paths or impediments. Assigning of values to spatial features was done via the map algebra tool and, since cost distance requires the cost surface dataset and the source, the calibrated spatial dataset served as the cost surface dataset and referral facilities served as the source for calculating the cost distance. The output is a map showing the shortest travel time (cell by cell) from any point in the map to referral facilities in the region. Algorithms which allowed for carrying out conversion of data from vector to raster, map algebra (cost surface models) and cost distance were developed using Python 2.7. All the algorithms were consolidated into a single algorithm. Based on the earlier information on transportation options for longer distances (motorized tricycle), we pegged the travel speed at 20 km/h. This served as a guide for determining travel time from each PHC clinic to the referral facility. Fig. 1 shows the flow diagram for the procedures undertaken to arrive at the results of this study.
Outcome Measures
The primary outcome of this study was: geographical accessibility to the nearest referral district hospital/medical laboratory for comprehensive ANC POC diagnostic services in the UER of Ghana. Geographical accessibility was measured as: ≤5 km = high geographical accessibility; b5 km to 10 km was considered as moderate geographical accessibility, and N 10 km was considered to low geographical accessibility. 
Statistical Analysis
To determine the spatial distribution/measure how close the PHC clinics and their nearest referral district hospital/medical laboratory for a diagnostic test were, a spatial autocorrelation tool or Moran's Index (MI) [23] was run in ArcMap 10.4.1. MI, Z-scores, and p-values for both PHC clinics and the referral facilities were reported. MI value greater than zero (MI N 0) was interpreted as spatially clustered, and MI value less than zero (MI b 0) was considered as spatially dispersed and null MI score or equivalent to zero (b 0.5), was classified as spatially random or no spatial auto-correlation. MI value of 0, or very close to 0, was considered as spatial random distribution. Estimated distances and travel times were processed in Microsoft Excel and imported into Stata statistical software, version 14, for analyses. Means, standard deviations (SD), and 95% confidence interval (CI) were generated for distance and travel time.
Role of the Funding Source
This study was funded by the University of KwaZulu-Natal, College of Health Sciences Research Scholarship. Funders played no role in data collection, analysis, and preparation of the manuscript.
Results
Characteristics of the Primary Healthcare Clinics
Of the 959 health professionals that were recorded in all 100 PHC clinics, majority (30%) were Nurse Assistants (Preventive) and the minority (2.4%) were Dispensary Technicians/Assistants. Also, of the total 959 health professional recorded in all 100 PHC clinics, midwives were 124 (12.9%). The mean antenatal clinic attendance was 65 ± 67 pregnant women per month. Mean test results turnaround time from referred expectant mothers to the PHC clinic staff was estimated at 15.4 ± 3.4 days. Electronic option of communicating test results from a referral health facility to the PHC clinic staff was not available. The most commonly used public transport from the PHC clinics to the referral health facility for diagnostic testing in the region is a motorized tricycle. Table 1 shows the recommended diagnostic tests/investigations during pregnancy in Ghana and the number of PHC clinics test/investigation is available in the UER.
Spatial Distribution of PHC Clinics and Their Nearest Referral Health Facilities
We performed a spatial autocorrelation to determine the spatial distribution/measure the closeness of the PHC clinics and their nearest referral health facilities for comprehensive ANC POC diagnostic services in the region. The results of the PHC clinics showed positive spatial autocorrelation (MI = 0.01, z-score = 0.33, p = 0.74). However, the MI score suggested the PHC clinics were spatially distributed at random rather than clustered. On the other hand, the results of the referral health facilities showed negative spatial auto-correlation (MI = −0.69 z-score = −2.05, p = 0.04). Hence, suggested the district hospitals or medical laboratories used by the participated PHC clinics as referral health facilities in the UER were spatially dispersed. Supplementary files 3 and 4 shows the output of the analysis. Fig. 2 is a map visualizing the results of the cost distance algorithm which is an estimation of distance values from 100 PHC clinics locations to their referral health facilities for comprehensive antenatal diagnostic services in the UER. The maps provide visual prominent indications of the degree of variation in levels of geographical accessibility in relation to distance in the region. In all, eight [8] referral facilities were utilized by all sampled clinics in the region for "one-stop" ANC POC diagnostic services for tests not available at the PHC clinics. Of the eight referral facilities, five (62.5%) were owned by Ghana Health Service (GHS), two (25%) were privately owned, and one (12.5%) owned by a church registered with the Christian Health Association of Ghana.
Geographical Accessibility to Referral Health Facilities
Of the 100 selected PHC clinics involved in this study, only 15% were located less than 10 km to their nearest referral facilities. Majority (66%) of the PHC clinics were located from 15 to 40 km away from the nearest referral hospital/medical laboratory. Another 16% of the PHC clinics were located more than 45 km to their nearest referral health facilities for all diagnostic services in the region, as shown on Table 2 below.
The mean distance ± SD from a PHC clinic to the nearest referral health facility for comprehensive ANC POC diagnostic services in UER was 7.0 km ± 4.9. Whilst the mean travel time ± SD using a motorized tricycle speed of 20 km/h to the nearest referral facility for comprehensive ANC POC diagnostic services in the UER was 14.0 min ± 8.8. The longest mean distance and travel time from PHC clinics to the nearest referral health facility for comprehensive antenatal diagnostic services was recorded in the Binduri district that is, 12.3 km ± 0.5 and 24.5 min ± 1.1 respectively. Whereas, PHC Clinics in the Bolgatanga Municipal recorded the shortest mean distance and travel time to the nearest referral health facility for comprehensive antenatal diagnostic services in the region that is, 2.7 km ± 2.0 and 5.4 min ± 3.9 respectively, as illustrated in Table 3 .
Discussion
This study described the geographical accessibility of district hospitals/medical laboratories for comprehensive antenatal POC diagnostic services in the UER, Ghana. The study results showed that a substantial proportion of the PHC clinics (85%) were located at a distance greater than 10 km to the nearest referral hospital/medical laboratory. Whilst the PHC clinics were spatially at random, their referral health facilities were spatially dispersed. The analysis of the districts also revealed considerable disparities regarding geographical access to antenatal POC diagnostic services. Whilst PHC clinics in the Bolgatanga Municipal were much nearer to the referral facility, besides the regional hospital, closely followed by Bawku Municipal and Bongo district, the same could not be said about the remaining districts, especially Builsa South district. Similar to our study findings, poor geographical accessibility was revealed by a study aimed at auditing geographic access to care at birth in Ghana [21] . Patients in these rural areas must walk for hours or pay exorbitant transport fares to reach a referral facility [21, 24] . Consequently, in this study, delay was shown in test results turnaround time from patients to PHC clinic staff for linkage to care, and this can potentially result in adverse maternal health outcomes. Evidence shows that pregnant women tend to limit or use essential healthcare such as ANC services closer to them [20] . The majority of rural populations in Lowand Middle-Income countries are farmers [25] . Therefore, a patient may fail to go for a test or go back for test results when asked to come back the following day or week, especially at certain times of the season [14, 26] .
In this study, we employed the spatial methodology to identify PHC clinics requiring priority attention due to their proximity to their referral facilities. Spatial accessibility measures have been shown to be important policy tools for managing healthcare provision and reducing health disparities [27] . The methodology employed in this study enabled us to identify disparities in geographical access to referral facilities from PHC clinics for comprehensive antenatal diagnostic services in the region. Health sector budgetary allocation of countries like Ghana is poor and it is most often supported by development partners, international organizations, and donors with many competing interests. Therefore, the spatial methodology adopted by this study has the strength to inform policy makers to provide targeted POC diagnostic services for rural populations, especially pregnant women.
Despite the above-mentioned strengths of the study, the following limitations should be noted. Access to a referral health facility from a PHC clinic for ANC diagnostic services may also be determined by a complex interplay of a diverse set of factors such as the health system (supply chain management, availability, quality, and cost) and population (education, wealth, and culturally mediated perceptions) [28, 29, 30, 31] . Although, we assembled a comprehensive set of data describing the landscape, it is possible that we may not have captured all the local details such as the population of women at reproductive age, which in some cases may be relevant. In addition, using an assumed motorized tricycle speed (most common form of transport) of 20 km/h to calibrate travel time may not be applicable always. Traveling time can be affected by seasonal changes, traffic and other essential factors. Other transportation options to referral facilities may be utilized by some mothers, such as walking, use of a motorcycle, bicycle or a car. Nonetheless, this study provided very useful information to help the planning and improvement of geographical access to POC testing for rural populations.
Based on the findings of this study, we recommend an improvement of existing POC diagnostics and the adoption of new POC tests for rural clinics in line with the WHO List of Essential Diagnostics [22] . Although the Government of Ghana is making efforts to build more district hospitals, we recommend improvement of POC diagnostic services in existing PHC clinics in the country to facilitate attainment of universal health coverage.
Conclusion
This study findings demonstrates that there is moderate geographical accessibility to district hospitals/medical laboratories for comprehensive antenatal diagnostic services in UER, Ghana. This study has provided evidence-based information to help with planning and improving POC testing, targeting primarily PHC clinics in the UER with poor access to the nearest district hospital or medical laboratory accredited by the National Health Insurance Authority. Although the findings of this study may be useful to similar settings and may also guide future studies, the finding cannot be generalized. Hence, we recommend a replication of this study in the other fifteen regions in Ghana as well as other LMICs with settings like UER to facilitate the achievement of SDG 3, which seeks to ensure healthy lives and well-being for all at all ages. In addition, a systematic review and meta-analysis to demonstrate the impact of geographical accessibility of POC testing on maternal health outcomes would also be useful. 
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